The ability of experienced anaesthetists to discern oxygen saturation by listening to the tones of a Datex AS3 pulse oximeter was examined. Five-second samples were recorded using a high fidelity patient simulator and replayed singly and in pairs. Whilst the lower saturations were generally recognized as lower, the perceived range was greatly compressed. Median perceived estimates for 70% saturation was 89%, for 80% was 93% and for 94% was 94%. When comparing pairs of samples, the direction of the difference was correctly discerned by 70% of anaesthetists for differences of 2%, rising to 95% for differences of greater than 8% oxygen saturation. The magnitude of the difference was consistently underestimated. With an actual difference of 20%, the median estimate was 5%. The results indicate that while qualitative estimate changes in oxygen saturation are moderately reliable, quantitative estimation is severely limited by a compromised perceived scale. This may lead to underestimation of the severity if the auditory signal is relied on in isolation. A non-linear (musical) scale may prove more appropriate and should be investigated. Testing experienced anaesthetists demonstrated that most could detect the direction, but not the magnitude of a change in saturation by listening to the change in pitch of a Datex AS3 pulse oximeter tone.
The pulse oximeter is recommended for use during all anaesthetics and is a routine component of contemporary standards of care 1, 2 . Since the early 1980s, pulse oximeters have had an auditory display of data for heart rate and oxygen saturation. This variable pitch tone is widely accepted as helpful 3 . Craven and McIndoe 3 demonstrated that variable pitch tones shortened the time to recognition of desaturation by anaesthetists during clinical simulations. This is supported by Morris and Montano's earlier study amongst anaesthetists, which found audible alarms were more rapidly detected than pure visual alarms 4 .
However there is little evidence to support the idea that the anaesthetist is able to use this auditory cue to accurately judge the saturation from the pitch of the tone. The most relevant study was by Schulte and Block 5 who found only 67% of subjects could detect a change of pitch of 1%. They utilized the simulated tones from an early model pulse oximeter in oximeternaive volunteers. Since then the design of oximeter tones has changed and anaesthetists have gained many years of experience in their use.
Therefore this study assessed anaesthetists who regularly use pulse oximeter monitors with a variable pitch of sound. The ability to discern the saturation from an isolated sound alone and to judge the difference in pitch between two different saturations were examined.
MATERIALS AND METHODS
Subjects were practising anaesthetists who reported normal hearing, and who used the same pulse oximeter as that tested at least one day each week. These volunteers were tested in a quiet room by listening to a five-second sample of beeping representing a constant saturation. They then entered their estimate on a paper questionnaire. There were ten samples in the saturation range 70% to 98% presented in a random sequence. Subjects were informed that pitch of tones would correspond with a range of 70% to 100%.
To test the ability to detect a difference between two saturations, two consecutive five-second samples were played separated by a five second silence. Ten pairs were presented with differences ranging from -20% to +20%. Subjects judged the pitch as higher, lower or the same, and estimated the magnitude of the difference after listening to each pair.
The tones were recorded from a Datex AS3 (Datex-Ohmeda, Helsinki, Finland) patient monitor as .wav files using a microphone and a Fujitsu Lifebook C2210 notebook computer. The monitor was triggered with a Medsim (Medsim Eagle Inc) patient simulator (with the air compressor disabled to reduce background noise) manipulating the software model to provide saturations in the range of 70% to 98% at a heart rate between 70 and 75 beats per minute. The collected tones were tested to determine their acoustic frequency content with a spectral analyser-Echofilter V 2 6 , running on a second personal computer.
Data analysis was by nonparametric tests using Statview V 4.5 (Abacus Concepts. Berkley, U.S.A.) as the distributions were skewed at the higher saturations. The Mann-Whitney U test was used to test the null hypothesis that the subjects' estimate of saturation is the same as the actual saturation. To measure the effect of experience and number of days of the week used, the Kruskal-Wallis test was employed.
RESULTS

Spectral Analysis of Tones
The Datex AS3 changes pitch of sounds only with every 2% change in saturation. Thus the tone for 97% and 98% is identical. Each tone was a complex sound with a power spectrum containing multiple peaks. The fundamental for a saturation of 98% was 976 Hz with a fall of approximately 24Hz for each 2% fall in saturation. Each tone contained a second peak at three times the fundamental frequency (a third harmonic). There also appeared to be a small higher harmonic but it was not reliably detectable with this methodology.
Characteristics of Subject Group
There were fifty anaesthetists aged 28 to 57 years, with a mean age of 34 years. The number of years' experience with a Datex pulse oximeter was <1 y (n=1), 1-4 y (n=2), 5-9 y (n=7), and >9 y (n=40). The number of days each week a Datex pulse oximeter was used were 1 day (n=1), 2 days (n=4), 3 days (n=10), 4 days (n=12), 5 days (n=20), 6 days (n= 2), and 7 days (n=1). The number of days another oximeter was used were 0 days (n=23), 1 day (n=15), 2 days (n=7), 3 days (n=3), 4 days (n=1), 5 days (n=1), 6 days (n=0), and 7 days (n=0). These data were analysed using the Kruskal-Wallis test. We found no significant relationship on either estimation of saturation or ability to detect differences for years of experience or days of use each week.
Estimating Oxygen Saturation from the Tones
All estimates were significantly different from the actual oxygen saturations (P<0.05) apart from a saturation of 94% (P=0.12). While estimates of oxygen saturation above 90% were accurately recorded, the range of 80% to 90% was still perceived by the majority as being above 90%. While oxygen saturations below 80% were perceived by the majority as being 90% or less, the degree of desaturation was still significantly underestimated ( Figure 1 ).
Comparison of Two Tones-Direction of the Difference
When listening to two sounds the pitch of the second was judged as higher, lower or the same by subjects. The proportions of subjects who correctly judged this at various magnitudes of difference are summarized in Table 1 . Fewer anaesthetists were able to correctly judge the separation between the two samples as the difference became smaller. Ninety-five per cent of subjects correctly detected the direction of the difference when it represented a difference of 8% or more oxygen saturation. Figure 2 displays the accuracy of quantitative estimates of difference. The larger differences between the first and second tones were consistently under-estimated. This effect was independent of whether the second tone was higher or lower than the first. There was a significant difference between actual and estimates for all magnitudes with P values <0.001.
Comparison of Two Tones-Amount of Separation
DISCUSSION
Auditory cues are a common feature of anaesthesia with the beep of the monitor adding to the visual indicators for pulse rate, rhythm and arterial oxygen saturation. A randomized controlled trial of simulated emergencies involving desaturation found that sound of the falling saturation enabled anaesthetists to more rapidly respond to the problem 2 .
The Craven and McIndoe study (1999) showed that the effectiveness of a pulse oximeter depended on the form in which information is presented to the clinician who is often doing more than one thing at a time during a busy anaesthetic. The audible changes in the pitch of the beeps before alarm settings are reached alerts the anaesthetist to impending clinical problems, especially if the visual display is out of sight whilst other procedures are being performed (e.g. inserting a central venous line). Craven and McIndoe found that a variable pitch rather than a fixed pitch sound enabled faster detection of hypoxaemia. This indicated that anaesthetists benefit from listening for the change. It is unclear though whether discerning the actual saturation change from the pitch itself is important or rather it is sufficient to be cued to look at the monitor. The results suggest that the latter is more likely.
Anaesthetists cannot focus exclusively on visual monitoring displays, and therefore rely on auditory pulse oximetry sounds that compete with operating theatre (OT) sounds. Visual monitor displays are sometimes missed, or are reacted to slowly 7 . This implies that changes that are not alarmed (only the minimum oxygen saturation level) leave a margin for error before the alarm sounds. This may be detrimental to patient outcome if there is a prolonged period of desaturation. Testing of early model oximeter tones 5 demonstrated that 87% of oximeter-naive subjects could detect a 5% fall in saturation. The tones used were pure sine waves (no harmonics) with a change of 5Hz for each 1% fall in saturation. However, these results may not be relevant for more modern tone sets such as those of the Datex AS3. The pitch change is greater than the previously tested device and the quality of the sound more complex. In addition, 80% of our subjects had used this set of tones for ten or more years.
Our subjects were able to detect lower saturations confirming the previous findings of Schulte and Block. However, our subjects progressively overestimated the actual saturation when it was below 94%. This may result from a learning effect since most oximeter tones heard in routine practice are around 95%. Therefore while the anaesthetists tested had a good qualitative judgement of oxygen saturation based on pitch, their quantitative scale was compressed over a smaller range of saturations. This issue might also be influenced by the presence of various harmonics with each tone, and the scale of tones, used to map saturation. Changing the scale to a nonlinear form might lead to better performances over the clinically important saturation range of 70-100%.
This non-linearity is a feature of musical scales. For example as a note on a piano rises by one octave its frequency doubles. This suggests that exploring different acoustic scales such as an exponential frequency shift in the design of future audible moni- tors such as pulse oximeters may improve their usefulness. This study was limited to playing tone samples in isolation. Future investigators might usefully test a series of gradually changing tone pitches.
Background noise 8 and hearing disorders 9 interfere with the audibility of anaesthetic alarms and so would be expected to degrade performance further than was observed. An interesting modification proposed by Dain 10 to have the monitor sense background noise and adjust the alarm signal to be 10 db louder than ambient noise levels could also be applied to the pulse oximeter, alleviating the background noise problem. It may, however, raise issues of competing noise in the operating theatre.
The auditory component of the pulse oximeter has an important role in alerting the anaesthetist (and surgeon) to the presence of potential clinical problems. Our study has found that although experienced users have the ability to recognize the direction of a change in oxygen saturation they considerably underestimate its magnitude. In addition, they consistently overestimate lower oxygen saturations assessed by listening alone.
